Lytic polysaccharide monooxygenases (LPMOs) exhibit a mononuclear copper-containing active site and use dioxygen and a reducing agent to oxidatively cleave glycosidic linkages in polysaccharides. LPMOs represent a unique paradigm in carbohydrate turnover and exhibit synergy with hydrolytic enzymes in biomass depolymerization. To date, several features of copper binding to LPMOs have been elucidated, but the identity of the reactive oxygen species and the key steps in the oxidative mechanism have not been elucidated. Here, density functional theory calculations are used with an enzyme active site model to identify the reactive oxygen species and compare two hypothesized reaction pathways in LPMOs for hydrogen abstraction and polysaccharide hydroxylation; namely, a mechanism that employs a η 1 -superoxo intermediate, which abstracts a substrate hydrogen and a hydroperoxo species is responsible for substrate hydroxylation, and a mechanism wherein a copper-oxyl radical abstracts a hydrogen and subsequently hydroxylates the substrate via an oxygen-rebound mechanism. The results predict that oxygen binds end-on (η 1 ) to copper, and that a copperoxyl-mediated, oxygen-rebound mechanism is energetically preferred. The N-terminal histidine methylation is also examined, which is thought to modify the structure and reactivity of the enzyme. Density functional theory calculations suggest that this posttranslational modification has only a minor effect on the LPMO active site structure or reactivity for the examined steps. Overall, this study suggests the steps in the LPMO mechanism for oxidative cleavage of glycosidic bonds.
Lytic polysaccharide monooxygenases (LPMOs) exhibit a mononuclear copper-containing active site and use dioxygen and a reducing agent to oxidatively cleave glycosidic linkages in polysaccharides. LPMOs represent a unique paradigm in carbohydrate turnover and exhibit synergy with hydrolytic enzymes in biomass depolymerization. To date, several features of copper binding to LPMOs have been elucidated, but the identity of the reactive oxygen species and the key steps in the oxidative mechanism have not been elucidated. Here, density functional theory calculations are used with an enzyme active site model to identify the reactive oxygen species and compare two hypothesized reaction pathways in LPMOs for hydrogen abstraction and polysaccharide hydroxylation; namely, a mechanism that employs a η 1 -superoxo intermediate, which abstracts a substrate hydrogen and a hydroperoxo species is responsible for substrate hydroxylation, and a mechanism wherein a copper-oxyl radical abstracts a hydrogen and subsequently hydroxylates the substrate via an oxygen-rebound mechanism. The results predict that oxygen binds end-on (η 1 ) to copper, and that a copperoxyl-mediated, oxygen-rebound mechanism is energetically preferred. The N-terminal histidine methylation is also examined, which is thought to modify the structure and reactivity of the enzyme. Density functional theory calculations suggest that this posttranslational modification has only a minor effect on the LPMO active site structure or reactivity for the examined steps. Overall, this study suggests the steps in the LPMO mechanism for oxidative cleavage of glycosidic bonds.
C-H activation | copper monooxygenase | GH61 | CBM33 | biofuels C arbohydrates are the most diverse set of biomolecules, and thus, many enzyme classes have evolved to assemble, modify, and depolymerize carbohydrates, including glycosyltransferases, glycoside hydrolases, carbohydrate esterases, and polysaccharide lyases (1) . Recently, a new enzymatic paradigm was discovered that employs copper-dependent oxidation to cleave glycosidic bonds in polysaccharides (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . These newly classified enzymes, termed lytic polysaccharide monooxygenases (LPMOs), broadly resemble other copper monooxygenases and some hydroxylation catalysts (14) (15) (16) (17) (18) (19) (20) (21) .
The discovery that LPMOs use an oxidative mechanism has attracted interest both because it is a unique paradigm for carbohydrate modification that employs a powerful C-H activation mechanism, and also because LPMOs synergize with hydrolytic enzymes in biomass conversion to sugars because they act directly on the crystalline polysaccharide surface without the requirement for depolymerization (4, 22, 23) , making them of interest in biofuels production. LPMOs were originally characterized as Family 61 glycoside hydrolases (GH61s, reclassified as auxiliary activity 9, AA9) or Family 33 carbohydrate-binding modules (CBM33s, reclassified as AA10), which are structurally similar enzymes found in fungi and nonfungal organisms (22) , respectively. In 2005, Vaaje-Kolstad et al. described the synergism (24) of a chitinactive CBM33 (chitin-binding protein, CBP21) with hydrolases, but the mechanism was not apparent. Harris et al. demonstrated that a GH61 boosts hydrolytic enzyme activity on lignocellulosic biomass (2). Vaaje-Kolstad et al. subsequently showed that CBP21 employs an oxidative mechanism to cleave glycosidic linkages in chitin (4) .
Following these initial discoveries, multiple features of LPMOs have been elucidated. LPMOs use copper (5-7) and produce either aldonic acids or 4-keto sugars at oxidized chain ends, believed to result from hydroxylation at the C1 or C4 carbon, respectively. Hydroxylation at the C1 carbon is proposed to spontaneously undergo elimination to a lactone followed by hydrolytic ring opening to an aldonic acid, whereas hydroxylation and elimination at C4 yields a 4-keto sugar at the nonreducing end (5) (6) (7) (8) (9) (10) (11) (12) . The active site is a mononuclear type(II) copper center ligated by a "histidine brace" (5, 12) , comprising a bidentate N-terminal histidine ligand via the amino terminus and an imidazole ring nitrogen atom and another histidine residue also via a ring nitrogen atom. Hemsworth et al. reported a bacterial LPMO structure wherein the active site copper ion was photoreduced to Cu(I) (12) , and Aachmann et al. demonstrated that Cu(I) binds with higher affinity than Cu(II) in CBP21 (13) . A structural study of a fungal LPMO revealed an N-terminal methylation on a nitrogen atom in the imidazole ring of unknown function (5), but some LPMOs are active without this modification (6, 11) . LPMOs require reducing agents for activity such as ascorbate (2) (3) (4) (5) (6) (7) (8) (10) (11) (12) , and cellobiose dehydrogenase (CDH), a common fungal secretome component, can potentiate LPMO activity in lieu of a small-molecule reducing agent (7, 8) .
Overall, many structural and mechanistic insights have been reported since the discoveries that LPMOs are oxidative enzymes Significance Plant cell walls contain significant amounts of the polysaccharides cellulose and hemicellulose, which can be depolymerized by enzymes to sugars and upgraded to renewable fuels and chemicals. Traditionally, enzymes for biomass depolymerization were based on naturally occurring hydrolytic enzymes, until the recent discovery of another natural enzymatic paradigm for carbohydrate deconstruction. Namely, lytic polysaccharide monooxygenases (LPMOs), long thought to be hydrolases or carbohydrate-binding modules, were revealed to be oxidative, copper-containing enzymes. These enzymes are receiving significant attention as they could revolutionize biomass deconstruction to upgradeable intermediates for renewable energy applications. Here, we apply quantum mechanical calculations to elucidate the oxidative reaction mechanism to offer predictions into how LPMOs function.
(4-10). However, many questions remain regarding LPMO function (22, 25) . Here, we examine the LPMO catalytic mechanism with density functional theory (DFT) calculations on an active site model (ASM) of a fungal LPMO. We seek to (i) understand the identity of the reactive oxygen species (ROS), (ii) compare two hypothesized catalytic mechanisms, and (iii) examine the role of N-terminal methylation in catalysis.
Results
Development of the ASM. We used the structure from a Thermoascus aurantiacus LPMO (Protein Data Bank, PDB ID code 2YET) to build the ASM (5). Fig. 1A shows a model of the T. aurantiacus LPMO on the cellulose surface. We developed the ASM based on fungal LPMO sequence alignments (3, 9, 11) and DFT geometry optimizations. The initial ASM (before O 2 or cellulose are considered) includes His1, His86, His164, Gln173, Tyr175, three crystallographic water molecules, and the copper ion (Fig. 1B) . The aforementioned residues best maintain the shape and electronic properties of the metal binding site while providing a computationally tractable system (SI Appendix, Fig.  S1 and Table S1 ). His1 and His86 directly coordinate copper in the equatorial plane to form the histidine brace (5, 12) . His164 is conserved, hydrogen bonds to two ordered water molecules, and forms a stabilizing π-π interaction with His86. Gln173 is conserved in fungal LPMOs (5, 12) , which hydrogen bonds to the Tyr175 hydroxyl group, the latter of which is axially coordinated to copper. All further calculations use this ASM with the addition of O 2 and substrate, and water molecules where needed. As described in Methods, all geometry optimizations in the main text were conducted with the B3LYP functional and the 6-31G(d) basis set. Additional optimizations with the M06-L functional and the 6-31G(d) basis set are presented in SI Appendix. Single point energy calculations were conducted on the final overall barriers for the two mechanisms with the 6-311++G(d,p) basis set. As the LPMO mechanism likely requires spin-crossing events, open shell singlet and triplet species along the catalytic reaction coordinate were fully optimized at the spin-unrestricted level.
Enzyme Activation and Initial O 2 Binding to the LPMO Active Site.
From the enzyme ASM, we optimized the system geometry with a Cu(II) state (5, 12) (denoted [Cu(II)]) and a reduced Cu(I) state (denoted [Cu(I)]), the latter of which is the hypothesized oxidation state for O 2 activation (7, 10, 13). Table 1 lists several bond distances, copper coordination geometry, partial atomic charges (20) , and the rmsd from the structure for these optimized states (atom labels in Fig. 1B ). The initial state with Cu(II) is shown in Fig. 1C (blue) threaded onto the structure (pink), which closely agrees (rmsd = 0.37 Å for heavy atoms, which is quite good agreement for "theozyme" ASMs) (26) . The coordinating nitrogen atoms in the histidine brace are within 1.97-2.08 Å to copper, with one equatorial water molecule. The Tyr175 hydroxyl group (3.08 Å) and a water molecule (2.33 Å) occupy the axial positions for a distorted octahedral geometry with Jahn-Teller distortion, as expected. The optimized geometry for the reduced state is shown in Fig. 1D . Copper is coordinated by the histidine brace (1.91-2.14 Å) and water (2.19 Å), whereas the hydroxyl group of the Tyr175 is located 4.37 Å from the metal, imparting the expected tetrahedral geometry of a Cu(I) center. The atomic charges of copper are 1.48 and 0.92 for the formal Cu(II) and Cu (I) oxidation states, respectively.
It is hypothesized that O 2 binds to [Cu(I)] to form a Cu(II)-superoxo ([Cu(II)]-O-O·) complex (7, 9, 10) , but the geometry and coordination of the copper-oxygen complex is unknown. LPMO geometries were DFT optimized with O 2 bound in configurations constructed by varying the O1W-Cu-O1-O2 dihedral angle in 30°increments for both end-on (η Table S2 ). The η 1 -superoxide species, the three nitrogen atoms from the histidine brace, and the equatorially bound water molecule (O1W) form a trigonal bipyramidal geometry around copper. From this species, DFT calculations are used to examine two mechanisms.
Oxidative Mechanism with a Cu(II)-Superoxo ROS. We first examine a "superoxo mechanism" wherein a Cu(
is the ROS for hydrogen abstraction to form a hydroperoxo species, which then hydroxylates the C1 (or C4) carbon of a glucosyl ring (Fig. 2A) . The + superscript denotes the overall system charge and ‡ denotes a transition state (TS). Fig. 2 shows the results describing oxidative attack at C1, and the C4 Restraints are placed on selected carbons (C2 and C5 for both glucosyl units and C4 of nonreducing end and C1 of reducing end units, respectively) to maintain the cellobiose geometry as it would be in the cellulose surface. As the enzyme-substrate geometry is unknown, three enzyme-substrate complexes were tested for C1 and C4 oxidation each by translating the [Cu(II)]-O-O· system along the cellulose chain at distances wherein the oxygen could attack at C1 or C4. Full energy landscapes were computed (SI Appendix, Table S3 ) for these geometries for both C1 and C4 hydroxylation, and all are within 1-2 kcal/mol for the activation barriers. Fig. 2B shows the energy landscape for the superoxo mechanism for C1 hydroxylation. As shown in Fig. 2C, hydrogen Fig. S5) (7, 10) . The reduction of the [Cu(II)]-O· group in 3 by ascorbic acid (converted to dehydroascorbic acid) is favorable by 17.2 kcal/mol, which returns the enzyme to the initial [Cu(I)] species to complete the catalytic cycle. Ascorbic acid was chosen as a model reducing agent with experimental precedent (4), and we note that we lump the proton transfer (PT) and electron transfer (ET) events into a single step wherein we only consider thermodynamics, not the barriers for these steps, as the ET and PT pathways are unknown. The [Cu (II)]-O-O· ROS is a triplet in its ground state, whereas all singlet and triplet states are essentially isoenergetic (except 3) for subsequent intermediates and TSs along the reaction coordinate. Product 4 is a closed shell singlet and energies for 3 in the triplet and open shell singlet states are calculated to be −39.6 and −46.1 kcal/ mol, respectively, so spin crossover from the triplet to open shell singlet state occurs after TS-2. The overall activation barrier for this mechanism is 43.0 kcal/mol (B3LYP/6-31G(d)) or 39.9 kcal/mol with B3LYP/6-311++G(d,p)//B3LYP/6-31G(d). M06-L calculations for this mechanism also exhibit the same overall barrier (43.0 kcal/ mol, SI Appendix, Fig. S6 ). Also, oxidation at the C1 carbon is computed to be marginally more reactive than the C4 carbon by 4.3 kcal/mol in the overall activation barrier (SI Appendix, Fig. S5 ).
Oxidative Mechanism with a Cu(II)-Oxyl ROS. Considering the high energy barrier for the Cu(II)-superoxo mechanism, a more oxidatively powerful ROS will likely be required for polysaccharide hydroxylation. Thus, we consider C-H oxidation by a Cu(II)-oxyl ROS, dubbed the "oxyl mechanism" (Fig. 3) as this species has been previously predicted to exhibit a more strongly oxidative character than Cu(II)-superoxo (31, 32 (20, 33, 34) . From this system, we test two different geometries for oxidative attack at the C1 and C4 carbons to evaluate different enzyme-substrate poses (SI Appendix, Fig. S7 ). The computed energy difference between [Cu(II)]-O-O· and [Cu(II)]-O· is 3.1 kcal/mol. As with the previous mechanism, we lump the ET and PT steps into a single step. SI Appendix, Fig. S8 shows the thermodynamics of the single ET and PT steps (assuming these are coupled), but again we do not explicitly consider barriers, as the ET and PT pathways and order of transfer are unknown. C-H abstraction from the C1 carbon of cellobiose by [Cu(II)]-O· occurs via TS-5 (Fig. 3C) , producing a [Cu(II)]-OH complex and a carbon-centered radical on cellobiose (Fig. 3C, 6 ). TS-5 lies 15.4 kcal/mol higher in energy than 5 (Fig. 3C) , which, compared with the 34.9 kcal/mol computed for hydrogen abstraction by a [Cu(II)]-O-O· species, shows the [Cu(II)]-O· ROS to be significantly more reactive. The [Cu(II)]-OH complex transfers the OH group via an oxygen-rebound mechanism to the cellobiose via TS-6 (Fig. 3C) to form 4′ (Fig.  3C) , hydroxylating cellobiose, and reforming the [Cu(I)] complex to complete the cycle. Cleavage of the glycosidic bond after hydroxylation occurs via elimination, which occurs spontaneously or is facilitated by an acid (7). We calculated the relative energy of the intermediates along the elimination and hydrolysis pathway (SI Appendix, Fig. S5 ) and the overall reaction is downhill to the products after substrate hydroxylation (ΔE = −6.3 kcal/mol).
The [Cu(II)]-O· ROS is a triplet in its ground state (the open shell singlet is computed with B3LYP to be 4.0 kcal/mol higher), whereas for all subsequent radical pairs along the reaction coordinate, open shell singlet and triplet states are essentially isoenergetic. The 4′ is a closed shell singlet, so spin crossover from the triplet to singlet ground state occurs after TS-5. The 4′ is 39.5 kcal/mol lower in energy than the [Cu(II)]-O· ROS. Comparing both hypothesized mechanisms involving different ROSs, for the Cu(II)-superoxo species C-H abstraction followed by OH transfer is rate limiting and lies 43.0 kcal/mol above the ROS intermediate, whereas for the Cu(II)-oxyl, C-H abstraction is rate limiting and lies 18.8 kcal/mol or 24.0 kcal/mol with B3LYP/6-311++G(d,p)//B3LYP/6-31G(d) above the relevant ROS. Our calculations thus suggest that the active catalyst is Cu(II)-oxyl, because this ROS yields a reasonable energy barrier at biologically relevant temperatures. This perspective is unaltered whether a different level of theory is used, as the M06-L functional results in an 18.1 kcal/mol overall activation barrier (SI Appendix, Fig. S6) , and different enzyme-substrate complex geometries (SI Appendix, Fig. S7 ) lie within 4.7 and 3.3 kcal/mol at the C1 and C4 carbons, respectively. Selected structural and electronic parameters are provided for both mechanisms in SI Appendix, Tables S4 and S5.
Role of the N-Terminal Methylation in the LPMO Reaction Mechanism.
We also examine the impact of methylation on the N-terminal histidine. This posttranslational modification (PTM) has been hypothesized to modify LPMO reactivity (5, 7, 12) . We reexamined both mechanisms without N-methylation on the N-terminal histidine. The rate-limiting C-H abstraction step of [Cu(II)]-O· ROS has a marginally higher activation barrier in the absence of N-methylation by 1.1 kcal/mol (B3LYP), whereas the [Cu(II)]-O-O· ROS has the same activation barrier (SI Appendix, Fig. S9 ). This result suggests that the N-terminal N-methylation does not affect the LPMO catalytic activity by means ascertainable with our approach.
Discussion
The utilization of O 2 to modify singlet ground state organic substrates, which are central reactions in aerobic life, is typically predicated upon the employment of metalloenzymes to circumvent spin-forbidden transitions in the triplet ground state of O 2 . Significant work has been conducted to understand the molecular basis of metal-activated oxidation, as these reactions are important both in cell biology and industrial chemistry (14) (15) (16) (17) (18) (19) (20) (21) . Glycosidic linkages in polysaccharides are particularly strong bonds relative to, for example, DNA or peptide bonds (35) . For polysaccharide deconstruction, which is important for the global carbon cycle and renewable fuels production, glycoside hydrolases or nonspecific oxidative species using Fenton chemistry were thought to be the primary carbohydrate depolymerization paradigms until the discovery of LPMOs (4, 5) . The results obtained in this study with a theozyme model of a fungal LPMO (AA9) suggest a mechanism using a copper-oxyl ROS and an oxygen-rebound mechanism based on comparison of a superoxo and an oxyl mechanism. The copper-oxyl species has been only directly detected in the gas phase to date (36) , but it has been predicted in theoretical studies to be the ROS in other enzymatic and synthetic hydroxylation reactions that require significant oxidative power, such as methane (37) or arene hydroxylation (31) , in dopamine-β-monooxygenase (38) , and in peptidylglycine α-hydroxylating monooxygenase (39).
Phillips and coworkers (7, 9, 10) proposed an LPMO mechanism that employs hydrogen abstraction and formation of both a radical as copper-oxyl and a radical on the substrate carbon of oxidative attack, which recombine to form the hydroxylated substrate. This proposed mechanism was the starting point for the development of the superoxo mechanism hypothesized here and is equivalent in the first steps for hydrogen abstraction. However, a barrier of 34.9 kcal/mol is required for the hydrogen abstraction step for a superoxo ROS (Fig. 2) . As this barrier is higher than the overall (two-step) barrier found for the oxyl mechanism of 18.8 kcal/mol (Fig. 3) , it is likely that the previously proposed mechanism is unfavorable relative to the oxyl mechanism presented in this work. Additionally, the study here employs a reducing agent wherein two electrons and two protons are required in series in the catalytic cycle, which is different from the previously proposed mechanism (7, 9, 10) wherein single ET events occur at different parts of the catalytic cycle. We stress that the study here does not preclude the occurrence of single ET events, but rather just hypothesizes that they occur in series as shown in SI Appendix, Fig. S8 , which is compatible with the single ET mechanisms of CDH enzymes (7) .
The primary focus of this study is to predict the mechanism used by LPMOs for polysaccharide hydroxylation. Still, many questions remain for a comprehensive understanding of LPMO action, and the model used here is limited in terms of the questions able to be addressed. First, regioselectivity for the C1 or C4 carbon of cellulose has been observed (4) (5) (6) (7) (8) (9) (10) (11) , and LPMOs are specific either for cellulose or chitin (4) (5) (6) (7) (8) (9) (10) (11) (12) . However, fungal LPMO active sites are quite conserved, and thus it is likely that motifs on the binding surface (13) distant from the active site dictate regioselectivity and substrate specificity (9, 11) . Additionally, the ET step was not explicitly considered. To compute the ET barrier requires knowledge of the ET pathway from a reducing agent to the LPMO, which has not yet been elucidated. It has been previously suggested that ascorbic acid transfers a single hydrogen atom rather than via uncoupled ET and PT steps (40) , and SI Appendix, Fig. S8 shows the relative energies of the system along these individual transfer steps for the oxyl mechanism. Also, the model used here does not explicitly address the order of oxygen binding to the LPMO active site relative to when the enzyme-substrate complex is formed. For example, in Figs. 2A and 3A , the substrate enters the reaction scheme after oxygen binds to the copper center, and in the latter case, after the reducing agent converts the copper-superoxo species to a copper-oxyl species. However, the potential energy landscape is not significantly altered for either the superoxo mechanism or the oxyl mechanism if the substrate enters the reaction before O 2 activation (SI Appendix, Fig. S10) . Lastly, the model we use here treats the orientation of the LPMO active site along the cellobiose substrate in the same putative orientation as a Family 1 CBM. This assumption stems from the similarity of LPMO and Family 1 CBM binding faces (2), as discussed previously (11) .
Another question of keen interest is the difference in nonfungal LPMOs (AA10) and fungal LPMOs (AA9). Hemsworth et al. (25) described differences between these enzyme families that may lead to differences in catalytic mechanism. In particular, nonfungal LPMOs exhibit an alanine residue in the active site that may modulate the reactivity of the enzyme or the identity of the ROS. SI Appendix, Fig. S11 shows a structural alignment of the superoxide species (Fig. 1E ) with two CBM33 structures [PDBs 2YOX and 4ALT, both Cu(I)] (12), which suggest that superoxide may clash with the alanine side chain, perhaps further suggesting that CBM33 oxygen activation geometry will be different from that of fungal LPMOs.
Conclusions
LPMOs represent an important unique discovery in the multitude of carbohydrate-active enzymes due to their prevalence in nature and their paramount importance to cost-effective lignocellulosic biomass deconstruction (1, 2). Here we applied DFT calculations to examine two catalytic mechanisms that suggest that fungal LPMOs exhibit a copper-oxyl mediated, oxygen rebound mechanism. The significant oxidative power of this predicted ROS for polysaccharide hydroxylation is concomitant with the extremely high bond strength of glycosidic linkages in polysaccharides (35) . Certainly, many questions remain that will require myriad experimental and computational tools to fully characterize the mechanisms of these fascinating enzymes.
Methods
The ASM was taken from a T. aurantiacus LPMO structure (PDB 2YET) (5). Enzyme-substrate starting geometries were taken from molecular dynamics simulations of a similar LPMO on cellulose and the perpendicular distance between the flat faces of the enzyme and substrate was kept fixed while moving the enzyme in the parallel plane for optimal oxidative attack geometries (11) . DFT calculations were performed with Gaussian 09 (41) . All geometry optimizations were conducted using the hybrid GGA B3LYP functional in the spin-unrestricted Kohn-Sham approach, with the 6-31G(d) basis set for all atoms. This functional is routinely used to study copper-oxygen complexes (42, 43) . Single point calculations for the mechanisms were also conducted on the geometry-optimized structures with the B3LYP functional and the 6-311++G(d,p) basis set to show the differences in the overall barriers. [Cu(I)] complexes generate open shell singlet or triplet products due to the addition of triplet O 2 , and thus the standard KohnSham DFT is not directly applicable (44) . We applied the Yamaguchi broken spin symmetry procedure (45) to compute the energy of the spin-purified low-spin (LS) state (46) . We calculated two possible spin states if the complexes are open shell and found the energy of triplet products is always lower than the energy of the spin-purified LS state, unless otherwise stated. Dispersion corrected DFT results are included in SI Appendix, Fig. S12 . Computations of vibrational frequencies, which include zero-point vibrational frequencies or one imaginary frequency were verified to determine the reactants and products related to each transition state. A conductor-like polarizable continuum model (CPCM) with e = 4.3 (diethyl ether as solvent) was applied for the solvation effects. Full geometry optimizations with the meta-GGA M06-L functional have also been evaluated to compare B3LYP functional in SI Appendix, Fig. S6 . Further methodological details are described in SI Appendix.
